A xenon-"lled gas proportional scintillation counter for X-ray spectrometry is described. The detector uses a microstrip plate covered with a thin CsI "lm as a photosensor rather than the usual photomultiplier tube. The achieved energy resolution for 5.9 keV X-rays is 12% when the microstrip is operated within the xenon volume and 10.5% when the microstrip is operated in a P-10 environment, separated from the xenon volume by a quartz window.
Introduction
Since the introduction of the "rst Gas Proportional Scintillation Counters (GPSCs) [1] they have been used for X-ray spectrometry in many applications such as X-ray astronomy, medical instrumentation and high-energy physics [2}5] . In particular, they combine room-temperature operation with relatively good energy resolution, large detection areas and high counting rates with reduced space charge e!ects, when compared with conventional proportional counters [2, 5] .
The theory and operation of GPSCs have been described in detail in earlier publications [2, 5] . Incident X-rays interact mostly in the drift region ( Fig. 1) where the resulting primary electron cloud drifts under the in#uence of a weak electric "eld into a region with a stronger electric "eld, the scintillation region. Upon crossing the scintillation region, the primary electrons gain from the electric "eld enough energy to excite but not to ionise the gas media producing a light pulse as a result of the gas atoms de-excitation, which is proportional to the number of primary electrons and so to the X-ray energy. The statistical #uctuations associated to the light ampli"-cation processes are negligible compared to the ones associated to the primary electron cloud formation, resulting in a detector with a resolution approaching the #uctuations in the absorption process. A typical GPSC uses pure xenon as the "lling gas and a quartz window photomultiplier tube (PMT) to detect the VUV electroluminescence produced in the scintillation region. The PMT not only limits the uniformity of the detection area of GPSCs but also increases their cost, power consumption, complexity, fragility and bulkiness, presenting a drawback in applications to areas such as portable devices for energy-dispersive X-ray #uorescence analysis, MoK ssbauer spectroscopy and operation under strong magnetic "elds.
Alternatives to replace the PMT in a GPSC by a more convenient photosensor have been investigated [6}11]. Typically, these have been independent devices coupled to the GPSC by a VUV window. However, integrated photosensors that could be placed inside the GPSC envelope [12}14], in direct contact with the gas, are of great interest. The importance of the development of such integrated photosensors for RICH (ring-imaging Cherenkov) detectors, placed in direct contact with the VUV carrier gas, was also described [15}17] . They avoid the use of an interface VUV window that can be expensive, di$cult to handle and can absorb the scintillation light.
Recently, the feasibility of detecting UV light with a thin layer of CsI photocathode, deposited directly on to a microstrip plate (MSP), was demonstrated [18, 19] .
The potential use of a CsI covered MSP as an integrated photosensor substituting the PMT in a GPSC was recognised, but the performance of the GPSCs based on that integrated photosensor was marginal, achieving an energy resolution of 17% for 5.9 keV [13] , worse than the one achievable with a conventional proportional counter. However, the substitution of the PMT and the elimination of the scintillation window is, in itself, a compelling reason for further development of such detectors and e!orts for improvement are needed.
In this work we report improved experimental results obtained with a GPSC using a CsI-covered MSP as the VUV photosensor readout, in substitution of the PMT. We resume the research performed with the GPSC/CsI-MSP presented in Ref. [13] , after overcoming the former limitations, improving the detector operating conditions and improving the MSP and CsI cleaning and handling procedures.
Description
Microstrip gas chambers (MSGC) [20] are miniaturised planar variants of the multiwire proportional chamber (MWPC): thin metal strips are photolithographed onto an insulating substrate with very small spacing between alternated anodes and cathodes. A low voltage applied between the closely spaced electrodes produces the intense electric "eld, around the anodes, required for charge multiplication in the gas medium. On the other hand, the closely spaced electrodes allow a rapid removal of the residual positive ions resulting from the electron avalanche. Thus, the MSP design results in a very compact detector with reduced space charge e!ects, relatively high gain and high counting rate capabilities, in addition to inherent spatial sensitivity.
When the MSP is covered with CsI, the incident VUV photons induce the emission of photoelectrons from the active areas, the cathode strips. The photoelectrons drift towards the anode strips producing charge avalanches in the intense electric "eld.
The CsI-covered MSP is placed within the xenon envelope, playing simultaneously two di!erent roles ( Fig. 1) : it serves as the GPSC collection grid for the primary electron cloud (the second grid of the scintillation region); and serves as the ampli"cation stage for the photoelectrons produced due to the VUV scintillation. The upper region, d
, functions as the uniform "eld scintillation region of a conventional GPSC, while the behaviour of region d ((50 m [21] ) is that of a standard MSGC. It was demonstrated that such a system functions as a GPSC rather than a MSGC [13] . However, a poor energy resolution was achieved.
The energy resolution, R, of a conventional GPSC is determined by the statistical #uctuations in the primary ionisation processes, in the production of VUV scintillation light and in the photosensor performance and can be given by [22] :
where N is the average number of primary electrons produced per incident X-ray photon, F is the relative variance of N, the Fano factor, N is the average number of scintillation photons produced per primary electron, J is the relative variance of N , N is the average number of photoelectrons produced in the photosensor per incident X-ray photon and ( O /G O ) is a measure of the #uctu-ations in the electron multiplication gain of the photosensor. The second term of Eq. (1) can be neglected since J/N ;F. For a MSGC ( O /G O ) is less than the f parameter of standard proportional counters [23] , which is f0.6 for xenon [23] , while for a PMT ( O /G O )+1 [24] . Taking into account that N"E V /=, the X-ray photon energy, E V , divided by the mean energy to produce a primary electron, =, and de"ning the number of photoelectrons produced per primary electron,¸"N /N [6] , the FWHM"R;E V of a GPSC will be given by FWHM"2.35
when using a MSGC (2) or a PMT (3) as the photosensor.
In Fig. 2 we plot FWHM as a function of E V for di!erent¸values and for a GPSC/MSGC or /PMT combination, assuming f"0.45 for the MSGC [23] , ="22 eV [25] and F"0.17 [26] . As seen, for the same X-ray photon energy, E V , and for the same¸parameter, the theoretical limit for the energy resolution of a GPSC/MSGC combination would be lower than the one of a GPSC/PMT combination. However, the e$ciency of a photosensor to convert VUV light into photoelectrons, related with the¸parameter, must be taken into account. Since the f parameter of MSGCs is smaller than in PCs [23] , the theoretical limit for the energy resolution of the GPSC/MSGC combination will still be better than GPSC/PC combination.
Experimental set-up and procedures
The design of the detector used in this work is depicted schematically in Fig. 1 . The thin, aluminised kapton window and the focusing electrode . A 500 nm thick and 30 mm in diameter layer of high-purity CsI was vacuum deposited onto the surface of the MSP. The detector was "lled with xenon at 800 Torr.
The detector design is similar to the one described in Ref. [13] . The depth of the scintillation region was increased by 25%, up to 10 mm, and the distance between the G1 holder electrode and the detector body was enlarged for improved electrical insulation. With these changes the scintillation light produced for the same reduced electric "eld (electric "eld intensity divided by the gas pressure, E/p) was increased by 25% and reduced electric "elds as high as 7 V cm\ Torr\ could be achieved in the scintillation region. Since electrical insulation limits the maximum high voltage that could be applied before breakdown, a compromise had to be made between the scintillation region depth and the maximum reduced electric "eld to be achieved in this region. This compromise must also include the reduced electric "eld in the 4 cm deep absorption region and a value of E/p"0.35 V cm\ Torr\ was chosen during the tests, for best-detector performance.
Another and probably the most important improvement carried out in this work is related to the CsI "lm preparation. In the "rst prototype [13] , the maximum < voltage allowed before occurring breakdown in the CsI covered MSP was 275 V, far below the one achieved for that same MSP without the CsI layer, which was about 500 V. These voltages correspond to electron avalanche gains of 50 and 3000, respectively. The low gain then achieved was the limiting factor responsible for the marginal results obtained with that "rst prototype.
A possible explanation could be the water contamination of the CsI "lm. Thus, special care was taken to avoid this contamination: the MSP was heated at temperatures of about 1003C during 1 h before CsI evaporation, and the CsI "lm was heated under vacuum at about 803C for 24 h after the CsI-covered MSP had been placed inside the detector. The heating of CsI under vacuum to reduce contamination was already referred to by other authors [27}29] . With this procedure, < voltages above 390 V could be used and, in these new conditions, the positive photon feedback became the limiting factor responsible for maximum usable < .
Anode pulses were pre-ampli"ed with a CAN-BERRA 2006 charge-to-voltage preampli"er (sensitivity of 235 mV/10 ion pairs), linearly ampli"ed (5 s time constants), and pulse-height analysed. For peak amplitude and energy-resolution measurements pulse-height distributions were "tted to a Gaussian superimposed on a linear background.
Experimental results and discussion
In Fig. 3 we depict the detector relative pulse amplitude as a function of E/p in the scintillation region for 5.9 and 22.1 keV X-rays, while maintaining the photosensor gain (< "340 V) constant. As seen, above the Xe scintillation threshold (&1 V cm\ Torr\) the linear behaviour characteristic of the secondary scintillation intensity [30] is observed. Below this threshold, the pulse amplitude is due to the charge ampli"cation of the primary electrons in the microstrip. As all 5.9 keV X-rays interact in the absorption region, the number of their primary electrons that cross grid G1 and are collected in the MSP approaches zero as the electric "eld in the scintillation region becomes weaker [31] . However, for 22.1 keV some of the X-rays do also penetrate in the scintillation region and thus, for these events, all primary electrons are collected and their pulse amplitude becomes constant for electric "elds below the scintillation threshold.
For high electric "elds, detector pulse amplitude deviates from the characteristic GPSC behaviour [30] and saturates. This trend can be explained if we take into account the electric "eld intensity at the CsI surface and its role in the extraction of the produced photoelectrons. It was shown [32] that for a CsI "lm in an argon environment, only for reduced electric "eld intensities above about 3 V cm\ Torr\, the photoelectron collection e$-ciency reaches values close to the ones obtained for a CsI "lm placed under vacuum. In Fig. 4 we depict the reduced electric "eld intensities perpendicular to the CsI surface (E W /p) in the centre of the cathode strips as a function of the reduced electric "eld in the scintillation region for di!erent < voltages. These results were obtained using a 2D electric "eld simulator. As seen from Fig. 4 , the extraction of photoelectrons from the CsI "lm may be jeopardised for high E/p in the scintillation region since E W /p can reach values below 3 V cm\ Torr\. Consequently, an increase of E/p in this region may not lead to an increase of the detected photoelectrons. Fig. 4 also shows the importance of operating the photosensor at high < values in order to achieve good photoelectron collection e$ciencies for the high electric "elds in the scintillation region. Fig. 3 also depicts the detector energy resolution as a function of E/p in the scintillation region for 5.9 keV X-rays and for < "340 V. This resolution achieves best results for the highest E/p. Energy resolutions of 12% and 7% can be achieved for 5.9 and 22.1 keV X-rays, respectively. Since the electrons, coming from the MSGC drift region (as is the case of primary electrons), have lower avalanche gains than the ones coming from the cathode strips [33] , it is not possible to calculate the¸parameter for Eq. (2), from the amplitude gain presented in Fig. 3 . However, if one considers the same avalanche gain for both primary electron and photoelectron, an upper limit of¸"10 can be estimated from the depicted results for 22.1 keV; nevertheless we stress that a factor down to 0.1 between the two events is admissible [33] . From Eq. (2) and from the obtained energy resolution for 5.9 keV X-rays we Fig. 5 . GPSC/CsI-MSP relative pulse amplitude and energy resolution as a function of the anode-to-cathode strips voltage, < , for 5.9 keV X-rays and for a constant reduced electric "eld in the scintillation region (E/p"5.25 V cm\ Torr\). can estimate¸&3, which is much lower thaņ &14 estimated from Eq. (3) for a GPSC/PMT combination with a typical 8.0% energy resolution at 5.9 keV. The¸-value could be increased using a larger MSP and/or a better photocathode-stripsarea-to-total-MSP-area ratio. For our MSP the total area is only 30;30 mm and the cathodestrips-area-to-total-MSP-area ratio is small (&40%) when compared to other MSPs already referred to in the literature (e.g. above 90% [34] ).
In Fig. 5 we depict the detector relative pulse amplitude and energy resolution as a function of < for 5.9 keV X-rays, while maintaining E/p in the scintillation region at 5.25 V cm\ Torr\. A detector energy resolution of 12% is achieved for < "360 V. An absolute photosensor gain of 700 is estimated for this < voltage. Also, in Fig. 5 , an exponential function (solid line) is superimposed on the experimental results. As expected, the photosensor gain depicts the characteristic exponential variation of charge avalanche processes in MSGCs. For < voltages above 350 V, this gain diverges from its initial behaviour due to optical positive feedback as a result of the additional xenon scintillation produced in the electron avalanche processes. These photons will eject additional photoelectrons from the CsI photocathode, resulting in a faster increase of gain.
In Fig. 6 we present the relative gain due to positive feedback, G /G , where G is the measured total gain of the detector and G is the gain represented by the exponential function (Fig. 5) . For comparison purposes this feedback gain is presented for the same MSP and for two cases: MSP operating with and without the CsI "lm deposited on its surface. As seen, the positive feedback due to the presence of the CsI is revealed.
The same trend of Figs. 5 and 6 is observed for 22.1 and 59.6 keV X-rays. This shows that positive feedback does not depend on the number of primary electrons but only on the individual electron avalanche gain.
Photocathode thicknesses of 50, 250 and 500 nm were studied and they have led to similar results.
Typical pulse-height distributions for Fe, Cd and Am radioactive sources are presented in Fig. 7 . The Fe X-rays were "ltered with a chromium "lm to remove the Mn K line and show an energy resolution of 12.5%. As seen in the Fe pulse-height distribution, the detector electric noise tail in the low-energy limit is below 250 eV. The spectral features of Am include the full energy peak at 59.6 keV and the K and K xenon #uores-cence escape peaks and the L X-rays lines from neptunium. All three pulse-height distributions exhibit low background levels. We have studied the ageing of the CsI photocathode under the in#uence of the Xe VUV scintillation at a < of 360 V. We used 59.6 keV X-rays to produce a VUV #ux of &10 photons s\ cm\. For constant electric "elds in the absorption and scintillation regions and for constant < voltages, the relative variation of the 59.6 keV peak amplitude is equal to the relative variation of the photocathode quantum e$ciency. Fig. 8 depicts the obtained variation of the relative quantum e$ciency as a function of the total surface charge density delivered by the CsI. As shown, after an initial reduction of about 15% in the relative quantum e$ciency with the surface charge density delivered by the CsI (up to about 4 C mm\), only a small variation occurs when the delivered charge increases up to 15 C mm\. The results show the good behaviour of the CsI photocathode ageing under these experimental conditions. Similar behaviour was described in Ref. [16] .
A driftless GPSC with a 8.5 mm deep scintillation region and using a CsI-covered microstrip plate within the xenon envelope has been built for detection of low-energy X-rays (&2 keV) under a strong magnetic "eld (5 T), achieving energy resolutions of 23% for 1.74 keV X-rays [35] . These values, although worse than the ones obtained with Fig. 9 . Typical pulse-height distribution for 5.9 keV X-rays of the xenon-"lled GPSC coupled to a P10"lled MSGC photosensor through a quartz window. a PMT-based GPSC (&14%) [36] , are better than the ones obtained with a Xe-"lled standard MSGC (&30%) [37] .
GPSC coupled to a separated MSGC photosensor
The GPSC can be coupled to a separated MSGC photosensor using the CsI-covered MSP in a P10 atmosphere. Such a detector was described in Ref. [11] and is more complex and more di$cult to operate. On the other hand, it presents improved performance relative to the one instrumented with an integrated photosensor. The use of a quenching gas in the photosensor reduces the e!ect of positive feedback and < voltages up to 460 V can be used without the occurrence of noticeable positive feedback. Also, as the GPSC scintillation region is separated from the photosensor by a quartz window, the electric "eld in the region above the MSP can be kept low enough to avoid the saturation of detector pulse amplitudes, at high values of E/p in the scintillation region. For this detector, the characteristic behaviour of GPSC amplitude variation with E/p in the scintillation region is observed for the whole E/p range (e.g. as detailed in Ref. [30] ). As a consequence of the mentioned improvements, this detector presented an energy resolution of 11.5% for 5.9 keV X-rays [11] .
Using the improved cleaning and handling procedures for the MSP and CsI photocathode preparation the energy resolution improved to 10.5% for 5.9 keV X-rays (Fig. 9 ) and the energy noise tail decreased to values below 60 eV. This performance is somewhat better than the one achieved when using an integrated CsI-covered MSP photosensor.
Conclusions
It was shown that a CsI-covered MSP is an attractive alternative to PMT as an integrated photosensor of GPSCs in applications where cost, compactness, area, and power consumption are important criteria, with the possibility of working at higher pressures than the ones for standard GPSCs. Detector energy resolutions of 12%, 7% and 5.5% were obtained for 5.9, 22.1 and 59.6 keV, respectively. These values are already better than the ones achievable with standard proportional counters or MSGCs.
The importance of the cleaning and handling procedures for the MSP and CsI photocathode preparation should be stressed. Namely, the heating under vacuum of the CsI photocathode "lm prior to operation, for removal of water contamination, is one of the most important factors to achieve improved photosensor performance.
Further studies to improve the performance of this integrated photosensor can be investigated. The use of MSPs with larger areas and larger photocathode-strips-area-to-total-MSP-area ratio may increase the number of photoelectrons produced per primary electron. Also, increasing the distance between the anode and photocathode strips as well as reducing the anode strip width, could lead to a higher photosensor gain with lower positive feedback.
The performance achieved with a GPSC coupled to an independent MSGC photosensor using the CsI-covered MSP in a P10 atmosphere is somewhat better than the one achieved with a GPSC using an integrated CsI-covered MSP. A GPSC energy resolution of 10.5% is achieved for 5.9 keV X-rays when such an independent photosensor is used.
